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Abstract: Background: Terminalia chebula Retz., Family Combretaceae (T. chebula) is one of the
important plants mentioned in Ayurveda, a traditional system of medicine. The present work was
designed to study the effect of the aqueous extract of T. chebula fruits in type 2 diabetic rats. Methods:
The aqueous extract of the fruits was prepared by the double maceration technique. The extract
was subjected to HPTLC analysis, which showed the presence of ellagic acid and gallic acid. Type 2
diabetes was induced in rats with a low dose of Streptozotocin (35 mg/kg) after administering a high-
fat diet for fourteen days. Diabetic animals were treated with 500 and 1000 mg/kg of aqueous extract
of T. chebula fruits for six weeks. Results: Diabetic rats showed a significantly (511.7 £ 17.6) (p < 0.001)
high plasma glucose level compared to the normal group (106 & 3.358). The T. chebula treatment
group showed a significant (p < 0.001) reduction in plasma glucose at 500 mg/kg (394.3 & 10.35) and
1000 mg/kg (368.6 &= 30.08) doses when compared with the diabetic control group. Treatment with
aqueous extract significantly reduced lipid parameters in diabetic animals when compared to the
animals in the diabetic control group. Treatment with extract at a dose of 500 mg/kg and 1000 mg/kg
showed a significant reduction in AST (p < 0.01, p < 0.001) when compared with diabetic control
rats. Treatment with extract significantly reduced ALT at 500 mg/kg (p < 0.05) and 1000 mg/kg
(p < 0.001) doses when compared with diabetic control rats. The extract treatment improved insulin
sensitivity and insulin sensitivity index (ISI) and significantly decreased HOMR-IR. Treatment with
T. chebula aqueous extract at 1000 mg/kg significantly increased the level of GSH (p < 0.05) when
compared to diabetic control rats. T. chebula treatment at 1000 mg/kg significantly increased levels of
CAT (p < 0.01). Histopathology of pancreatic tissue revealed that the extract has a protective effect
against the damage caused by hyperglycemia. Immunohistochemistry of pancreatic tissue showed
increased expression of SIRT1 in diabetic animals treated with the extract. Conclusions: The results of
the present study indicate that the extract of T. chebula has significant effects in the management of
type 2 diabetes.
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1. Introduction

Diabetes mellitus (DM) is one of the most prevalent diseases, in which the body
either does not produce enough insulin or resists its action. Symptoms of diabetes include
increased thirst, frequent urination, hunger, fatigue, and blurred vision [1]. Treatment
options include diet, exercise, medication, and insulin therapy. Compared to type 1 diabetes,
the number of patients with type 2 diabetes is greater [2]. It is estimated that, in 2030,
643 million people will have diabetes, which is projected to reach 783 million by 2045 [3]. In
type 2 diabetes, hyperglycemia is the result of inadequate production of insulin and inability
of the body to respond fully to insulin which is called as insulin resistance. In insulin
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resistance, insulin is ineffective and, therefore, initially prompts an increase in insulin
production to reduce rising glucose levels, but over time a state of relatively inadequate
production of insulin can develop [4]. In some patients with type 2 diabetes, the condition
becomes more critical, and the pancreas will be exhausted completely, which will further
produce lower amounts of insulin, causing higher blood sugar levels [3].

The development of type 2 DM includes several lifestyle-related factors among them
are a sedentary lifestyle, alcohol consumption, lack of physical activity, and cigarette
smoking [5]. As a result of these, dyslipidemia is one of the most commonly observed
condition in patients with diabetes [6,7]. It is the imbalance in the body’s lipids, such
as triglycerides, cholesterol, low-density lipoprotein, and high-density lipoprotein. This
condition is linked to high-fat diet and exposure to tobacco, or it may be genetic in nature
as well. It can results in heart-related diseases with moderate to severe complications [6,8].
Cardiovascular diseases is the foremost concern for mortality and morbidity in TIDM and
T2DM in both men and women [9].

Current diabetes treatment includes Sulfonylureas, Thiazolidinediones, Glinides, GLP-
1 receptor agonists, DPP-4 inhibitors, insulin therapy, and SGLT2 inhibitors [10]. Sulfony-
lureas produce low blood sugar, upset stomach, skin rash or itching, and weight gain;
biguanides/metformin can lead to kidney complications, upset stomach, tiredness or dizzi-
ness, and metal taste alpha-glucosidase inhibitors produce gas, bloating, and diarrhea [11].
So, there is an unmet need to discover new treatment options for management of diabetes.

Several medicinal plants have been explored for antidiabetic and related beneficial
effects in the treatment of diabetes, namely Allium sativum [12,13], Eugenia jambolana [14],
Momordica charantia [15], Ocimum sanctum [16,17], Phyllanthus amarus [18-20], Pterocarpus
marsupium [21], Tinospora cordifolia [22], Trigonella foenum graecum [23], and Withania som-
nifera [24]. Terminalia chebula Retz. (T. chebula) is one of the crucial plants mentioned in
Ayurveda, a traditional system of medicine. It shows presence of ellagic acid, gallic acid,
ethyl gallate, chebulinic acid, tannic acid, chebulin, punicalagin, arjunglucoside I, luteolin,
terflavin A, etc. [25]. Phytochemicals and extracts of T. chebula have been reported for
various pharmacological effects, such as antidiabetic activity [26—29] and hepatoprotective
effects [30,31]. Several chemical compounds, such as tannins, polyphenols, and triter-
penoids, were isolated from T. chebula [32]. It is effective in the inhibition of cutaneous
photodamage [33] and has antioxidant effects [34-39]. It has also been reported to have
wound-healing properties [40,41]. Authors have also reported free radical scavenging activ-
ity of T. chebula [38,42]. Karla and co-researchers have performed chemical characterization
of the extract by HPLC and found the presence of phytoconstituents such as gallic acid,
ellagic acid, gallic acid, corilagin, chebulic, chebulinic acid, and chebulagic acid [43]. In
addition to the pharmacological activity, phytoconstituent analysis is also performed by
several researchers, which includes High-performance capillary electrophoresis (HPEC)
analysis of chebula fruits by Ding and co-researchers. They reported presence of hydrolyz-
able tannins such as chebulagic acid and chebulinic acid [44]. Juang and coresearchers have
reported presence of gallic and ellagic acid along with other active phytoconstituents [45].
Kundu and coresearchers have reported presence of flavanol glycosides, triterpenoids,
coumarin conjugated, and phenolic compounds in T. chebula [46]. Considering the presence
of the active phytoconstituents and based on the literature search, it was observed that
there are no systematic investigations on T. chebula for its possible effects on type 2 diabetes
mellitus. Therefore, the present work was designed to study the effects of an aqueous
extract of T. chebula in animal models of type 2 diabetes.

2. Materials and Methods
2.1. Plant Material
The dried fruits of T. chebula were purchased from the D.G. Ayurvedic Sangrah,

Mumbai, India, in November 2018. The plant material was authenticated by Dr. (Mrs.)
AS. Upadhye, Scientist, Herbal Drug Administration at Agharkar Research Institute, Pune,



Life 2023, 13,1168

30f19

Maharashtra, India. A voucher specimen (Auth. 18-205) was deposited in the Department
for future use.

2.2. Chemicals

Yeast extract and DL-methionine were purchased from Molychem, India. Cholesterol
was obtained from Loba Chemie Pvt. Ltd., Maharashtra, India. Casein was procured from
Clarion casein limited, India. The lard was purchased from the local vendor. Streptozotocin
was ordered from Sigma Aldrich (St. Louis, MO, USA), and sodium chloride was purchased
from SD Fine Chemicals, India. From Transasia Biomedicals Ltd., India, diagnostic kits
were obtained. Glipizide tablets was purchased from the local market. Ellagic acid and
gallic acid were procured from MP Biomedicals, USA and Sigma-Aldrich, USA respectively.

2.3. Preparation of Aqueous Extract

Kernels of dried fruits of T. chebula were removed, powdered, and used for the prepara-
tion of aqueous extract by using the double maceration technique. Powdered fruits (500 g)
were macerated with 5000 mL of distilled water for seven days. At the end of the seventh
day, the extract was filtered through muslin cloth, followed by filter paper and the filtrate
was stored in the refrigerator till further use. The marc was again kept for maceration with
fresh distilled water for seven days. The extract was filtered through muslin cloth, followed
by filter cloth after seven days. The filtrate obtained in this step was mixed with the filtrate
obtained in the first step. The extract was concentrated on a water bath (Labline, India) and
was stored in a refrigerator until further use [47]. The percentage yield of semisolid extract
was found to be around 34% w/w.

2.4. Quantification of Ellagic Acid and Gallic Acid in the Aqueous Extract by HPTLC Method

Quantification of ellagic acid and gallic acid from the aqueous extract of T. chebula
was performed by the High-Performance Thin Layer Chromatography (HPTLC) method.
HPTLC analysis was carried out by using CAMAG HPTLC (Switzerland) equipped with
visionCATS HPTLC Software, CAMAG Linomat V applicator, CAMAG Hamilton Micro
syringe (100 uL), CAMAG TLC Scanner 4 (4.6 mm X 25 cm, 5 pm), CAMAG UV Cabinet
(254 and 366 nm), and CAMAG Twin Trough Chamber (20 x 10 cm). The separation was
carried out using a solvent system of Methanol: Water: Formic acid (4:6:0.5) v/v/v, and the
stationary phase was pre-coated alumina backed, HPTLC Plate Silica gel 60 RP-18 (Merck).
The scanning of the developed plate was performed at 254 nm. Ellagic acid and gallic
acid reference material were used as standards for quantifying tannins in the extract. The
standard solutions of ellagic acid and gallic acid of the concentration of 100 ug/mL were
prepared in methanol and used for HPTLC analysis.

2.5. Experimental Animals

Male Sprague Dawley rats (160-170 g) were purchased from the National Institute of
Biosciences (Pune, India). The animals were housed in the animal facility at a temper-
ature and relative humidity of 22 & 2 °C and 75 £ 5%, respectively. The experimental
animals were fed a basal regular pellet diet (Nutrimix Laboratory Animal Feed, MS, India)
throughout the experiment. The high-fat diet consisting of 25% protein, 58% fat, and 17%
carbohydrate was prepared in lab [48]. The high-fat diet composition per kilogram includes
normal pellet diet 365 g, pork lard 310 g, Casein 250 g, Cholesterol 10 g, Vitamin D mineral
mix 60 g, DL-Methionine 3 g, yeast powder 1 g, Sodium Chloride 1 g.

2.6. Induction of Diabetes Mellitus

Type 2 diabetes was induced using a low dose of Streptozotocin (STZ) (35 mg/kg, i.p.,
using 0.1 M cold citrate buffer at pH 4.4, volume based upon body weight) after two weeks
of dietary modification using a high-fat diet [48]. The experimental animals with blood
glucose levels above 250 mg/dL were selected for the research study [49].

Group I: Normal control (received purified water).
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Group II: Diabetic control rats (received purified water).

Group III: Diabetic rats were administered with T. chebula fruits aqueous extract
(500 mg/kg body weight/day/rat) in distilled water.

Group IV: Diabetic rats were administered with T. chebula fruits aqueous extract
(1000 mg/kg body weight/day/rat) in distilled water.

Group V: Diabetic rats were administered with Glipizide (standard drug) (5 mg/kg
body weight/day/rat) in 0.5% Sodium Carboxy Methyl Cellulose (Na CMC).

The treatment was given for six weeks by oral route with the help of oral gavage.
High-fat diet was given during the period of treatment.

2.7. Pancreatic Tissue Collection and Processing

At the end of experiment, animals from different treatment groups were humanely sac-
rificed, and the pancreas was isolated to determine oxidative stress parameters, histopatho-
logical studies, and immunohistochemistry.

2.8. Evaluation of Parameters
2.8.1. Body Weight

The body weight of the animals from different groups was recorded at the end of
the study.

2.8.2. Estimation of Plasma Glucose and Lipids

Blood samples of animals were collected, and plasma was separated. Plasma glucose
level and lipid markers such as total cholesterol, triglyceride, high-density lipoprotein,
and low-density lipoprotein were analyzed by kits procured from Transasia Bio-Medicals
Ltd., India, and evaluation was performed using a Biochemical Analyzer, (Erba Chem-7,
Germany) [49].

2.8.3. Estimation of Liver Enzymes

Alanine Transaminase (ALT) and Aspartate Aminotransferase (AST) were measured
as per the protocol provided by Transasia Bio-Medicals Ltd., India.

2.8.4. Estimation of Glycohemoglobin Content

Using the resin (ion exchange) method, as per the procedure mentioned in the kit sup-
plied by Transasia Bio-Medicals Ltd., India, Glycohemoglobin content was determined [49].

2.8.5. Estimation of Glucose Tolerance and Insulin Resistance
Estimation of Oral Glucose Tolerance Test (OGTT)

An OGTT was performed as per the previously described method [49].

Measurement of Plasma Insulin (PI), Insulin Sensitivity Index (ISI), and Homeostatic
Model Assessment-Insulin Resistance (HOMA-IR)

Insulin level was estimated in plasma samples using rat insulin enzyme-linked im-
munosorbent assay (ELISA) kits supplied by Abbkine, USA.

Homeostatic Model Assessment-Insulin Resistance (HOMA-IR) and insulin sensitivity
index (ISI) were calculated using the following formula:

ISI = In (1/FINS x FBG) )

HOMA-IR = (Glucose x Insulin)/22.5 2)

where the concentration of insulin is expressed in mIU/L and glucose in mmol/L.
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2.8.6. Pancreatic Tissue Collection and Processing
Determination of Oxidative Stress Parameters

Tissue homogenate (10% w/v) was prepared in phosphate buffer 50 mm (pH 7.4).
Oxidative stress parameters such as Malondialdehyde, Superoxide Dismutase, Catalase,
and Reduced Glutathione were estimated in pancreatic tissue homogenate. MDA and GSH
levels were also estimated in pancreatic tissue homogenate. CAT was evaluated in the
post-nuclear homogenate fraction, whereas SOD was estimated in the post-mitochondrial
fraction of homogenate [50-53].

Histopathology of Pancreatic Tissue

This study was processed as reported earlier [49,54]. The stained slides were studied
under a photographic microscope (Motic, Canada) for histopathological changes.

Immunohistochemistry of Pancreatic Tissue

As reported earlier, the pancreatic tissue immunohistochemical staining was carried
out to study expression of SIRT1 [54].

2.9. Statistical Analysis

The data analysis was performed using software, GraphPad Prism for Windows
ver. 5.00. The data are expressed in Mean £+ SEM. Significant differences between the
experimental animal groups were assessed by one-way analysis of variance test (ANOVA)
followed by Bonferroni’s multiple comparison tests to determine the significance level.
p-value less than 0.05 was considered significant.

3. Results
3.1. Identification of Ellagic Acid and Gallic Acid in Aqueous Extract of Fruits of T. chebula by
HPTLC Method

Using the mobile phase mentioned in the materials and methods section, reproducible
and sharp ellagic and gallic acid peaks with symmetry as per the limit, were obtained.
Hence, it was considered as an optimized condition for standardizing extraxt for ellagic
and gallic acid. The retention factor for standard ellagic acid and gallic acid was found to be
0.234 and 0.795, respectively, whereas the peaks of ellagic acid and gallic acid in the extract
were obtained at a similar retention factor as that of standards, confirming the presence of
the same in the extract. The percent content of ellagic acid and gallic acid in the T. chebula
aqueous extract was found to be 0.0018% and 0.0077%, respectively. Chromatograms of
standards and extract are shown in Figures 1 and 2, and the chromatographic data are
presented in Table 1.

Table 1. Chromatographic data of ellagic acid and gallic acid standards and extract contents.

Name of Marker Concentration Peak Area Volu.me of Concentration
pug/mL Solution uL
Ellagic acid 100 0.01724 8 0.0018

Gallic acid 100 0.00498 8 0.0077
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Figure 1. Chromatogram of Standard ellagic acid (1) and gallic acid (2).
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Figure 2. Chromatogram of aqueous extract of fruits of T. chebula showing the presence of ellagic acid

(1) and gallic acid (5).
3.2. Body Weight

The effect of T. chebula on the body weight of animals in different treatment groups
is presented below (Figure 3) The animals in diabetic control group did not show any
significant changes in body weight when compared with normal control group. The
animals in treatment group did not show any significant changes in body weight when

compared to diabetic control group.
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Body Weight
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Figure 3. Effect of T. chebula extract on body weight. Values are expressed as Mean + SEM (1 = 6).
(DC: diabetic control; T chebula: Terminalia chebula).

3.3. Effect of Terminalia chebula Extract on Plasma Glucose and Lipid Parameters in Diabetic Rats
3.3.1. Plasma Glucose

Diabetic rats showed a significantly (p < 0.001) high plasma glucose level (511.7 &= 17.6)
compared to the normal group (106 & 3.358). The T. chebula treatment group showed a
significant (p < 0.001) reduction in plasma glucose at 500 mg/kg (394.3 £ 10.35) and
1000 mg/kg (368.6 £ 30.08) doses when compared with the diabetic control group. The
results are shown in Figure 4.

Plasma Glucose

600~
ﬁﬁ# Normal Control
E=3 Diabetic Control
4004 > mx .. B3 DC+ Tchebula (500mg/kg)
d e @D DC + T chebula (1000mg/kg)
E-) e DC + Glipizide (5mg/kg)
€ fametei]
200- e
L "]
L "]
okt

T T
Treatment Groups

Figure 4. Effect of T. chebula extract on plasma glucose. Values are expressed as Mean 3= SEM (1 = 6).
*** p < 0.001 when treatment groups were compared with diabetic control. ##f p < 0.001 when the
diabetic control group was compared to the normal control group. (DC: diabetic control; T chebula:

Terminalia chebula).

3.3.2. Lipid Parameters

The effect of T. chebula on plasma levels of triglyceride, total cholesterol, LDL, and
HDL is shown in Figure 5. The diabetic control group showed a significant (p < 0.001)
increase in the plasma TC (201.9 £+ 18.48), TG (216.1 & 23.08), and LDL (84.6 & 4.513)
levels compared with the normal control group. The plasma HDL (30.69 + 1.731) level was
also significantly lowered in a diabetic control animals (p < 0.001) than in normal animals
(64.15 &+ 7.721). Treatment with aqueous extract at 1000 mg/kg significantly (p < 0.001)
reduced triglyceride levels (135.1 £ 9.668) in diabetic animals when compared with the
diabetic control group (216.1 £ 23.08). Total cholesterol level was also markedly reduced in
diabetic animals (p < 0.001) after treatment with T. chebula aqueous extract at 500 mg/kg
(110.4 £ 13.41) and 1000 mg/kg (90.17 & 8.738) doses when compared with diabetic control
rats. T. chebula aqueous extract at both doses showed a significant increase in HDL level
(p < 0.001) in diabetic rats. Treatment with T. chebula aqueous extract showed a significant
reduction (p < 0.001) in LDL levels at both doses (p < 0.001).
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Figure 5. Effect of T. chebula treatment on plasma lipids in type 2 diabetic rats. Values are expressed
as Mean £ SEM (n = 6). * p < 0.05, ** p < 0.01, and *** p < 0.001 when treatment groups were compared
with diabetic control. ### p < 0.001 when the diabetic control group was compared to the normal
control group. (DC: diabetic control; T chebula: Terminalia chebula).

3.4. Effect of T. chebula Extract on Liver Enzymes

Diabetic animals showed a significant (p < 0.001) increase in levels of AST (178 + 4.123)
and ALT (75.04 £ 2.435) compared to normal rats. Treatment with T. chebula aqueous extract
at 500 mg/kg (151.6 £+ 9.888) (p < 0.01) and 1000 mg/kg (112.3 £ 2.36) (p < 0.001) dose
showed a significant reduction in AST when compared with diabetic control rats. Treatment
with T. chebula aqueous extract significantly reduced ALT at 500 mg/kg (151.6 & 9.888)
(p <0.05) and 1000 mg/kg (112.3 £ 2.36) (p < 0.001) dose when compared with diabetic
control rats. Standard Glipizide treatment significantly (59.04 & 4.463) (p < 0.05) reduced
the level of ALT in comparison to diabetic control rats (Figure 6).

ALT

1004
Normal Control
EZ Diabetic Control
E3 DC + T chebula (500mg/kg)
[0 DC + T chebula (1000mg/kg)
DC + Glipizide (5mg/kg)

Normal Control

EZ8 Diabetic Control

BE3 DC + T chebula (500mg/kg)
m

#HitH

DC + T chebula (1000mg/kg)
DC + Glipizide (5mg/kg)

UL

Treatment Groups

Figure 6. Effect of T. chebula on Liver Enzymes. All values are expressed as Mean + SEM (n = 6).
*p <0.05,**p<0.01, and *** p < 0.001 when treatment groups were compared with diabetic control.
### p < 0.001 when the diabetic control group was compared with the normal control group. (DC:
diabetic control; T chebula: Terminalia chebula).

3.5. Effect of T. chebula on Glycohemoglobin

Diabetic animals showed a significant increase (14.82 4 1.845) (p < 0.001) in glycohe-
moglobin levels in the blood when compared with the normal group (2.554 4 0.2412), while
treatment with T. chebula aqueous extract at 500 mg/kg (5.034 & 0.269) and at 1000 mg/kg
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(2.499 + 0.242) doses showed a significant reduction (p < 0.001) in glycohemoglobin level
when compared with the diabetic control group (Figure 7).

Glycohaemoglobin

20
Hit# 3 Normal Control

15 T EZ Diabetic Control

| BE3 DC + T chebula (500mg/kg)
e @D DC + T chebula (1000mg/kg)
=109 e DC + Glipizide (5mg/kg)

paa"] *kk
S —

S = e
i

6 e |'ﬂ'|"|'ﬂ]

Treatment Groups

Figure 7. Effect of T. chebula treatment on HbAlc (%Hb) in type 2 diabetic rats. Values are expressed
as Mean + SEM (n = 6), *** p < 0.001 when the treatment group is compared with the diabetic control
group. ### p < 0.001 when the diabetic control group is compared to the normal control. (DC: diabetic
control; T chebula: Terminalia chebula).

3.6. Glucose Tolerance and Insulin Resistance Measurement

3.6.1. Effect of T. chebula on Oral Glucose Tolerance Test (OGTT)

Figure 8 illustrates the results of the oral glucose tolerance test performed at the end of
the study in 8 h fasted rats. The results showed that the plasma glucose level at 0, 30, 60, 90,
and 120 min remained significantly higher in the diabetic control group when compared
with the normal control group (p < 0.001) and other treatment groups (p < 0.05 and 0.01).

OGTT
1000+
- -o- Normal Control
% 800- -# Diabetic Control
£ -+ DC + T chebula (500mg/kg)
§ 600 DC + T chebula (1000mg/kg)
o -~ DC + Glipizide (5mg/k
S 00 P (5mg/kg)
(O]
L] *
8 200+ -
= — o o ——=o
c T T T T T
& & & o &
Q\* np\& @é 90\& \@é
Time

Figure 8. Effect of T. chebula aqueous extract on OGTT. Values are expressed as Mean & SEM (1 = 6).
*p <0.05, ** p < 0.01 when treatment groups were compared with diabetic control. ## p < 0.001 when
the diabetic control group was compared with the normal control groups. (DC: diabetic control; T
chebula: Terminalia chebula).

3.6.2. Measurement of Plasma Insulin (PI), Insulin Sensitivity Index (ISI), and Homeostatic
Model Assessment-Insulin Resistance (HOMA-IR)

Plasma insulin level was increased significantly in diabetic rats, while treatment
with T. chebula aqueous extract reduced plasma insulin level significantly at 500 and
1000 mg/kg (p < 0.001). In addition, T. chebula aqueous extract treatment also improved
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insulin sensitivity by significantly (p < 0.001) decreasing HOMR-IR and increasing the
insulin sensitivity index (ISI) of the treated rats (Figure 9).

HOMAIR

E8 Normal Control

EZ3 Diabetic Control

E3 DC + T chebula (500mg/kg)
@ DC + T chebula (1000mg/kg)
DC + Glipizide (5mg/kg)

Normal Control e
EZ3 Diabetic Control 40
E3 DC + T chebula (500mg/kg)
[ DC + T chebula (1000mg/kg)
DC + Glipizide (5mg/kg)

Treatment Groups Treatment Groups

Treatment Groups

fizizd

Normal Control

EZ3 Diabetic Control

E3 DC + T chebula (500mg/kg)
@ DC + T chebula (1000mg/kg)
DC + Glipizide (5mg/kg)

Insulin Sensitivity Index

Figure 9. The T. chebula aqueous extract treatment effect on A. Plasma Insulin, B. HOMA-IR, and C.
Insulin sensitivity index (ISI) in type 2 diabetic rats. Values are expressed as Mean & SEM (1 = 6).
*p <0.05 and *** p < 0.001 when treatment groups were compared with diabetic control. ##f p < 0.001
when the diabetic control group compared to the normal control group. (DC: diabetic control; T
chebula: Terminalia chebula).

3.7. Effect of T. chebula Treatment on Oxidative Stress Parameters

Diabetic rats showed a significant decrease in the levels of antioxidant enzymes such
as SOD, GSH, and CAT and a substantial increase in the level of MDA in pancreatic tissue
homogenate when compared to normal rats (p < 0.001). Treatment with a high dose of
T. chebula aqueous extract significantly prevented the loss of GSH (p < 0.05) compared
with diabetic control rats. T. chebula treatment at 1000 mg/kg significantly (p < 0.01)
prevented the loss of CAT. Low and high dose of T. chebula aqueous extract treatment
did not significantly prevent the loss of SOD when compared with diabetic control rats.
T. chebula treatment at 1000 mg/kg dose and standard Glipizide treatment significantly
(p < 0.01) prevent the formation of MDA in pancreatic tissue homogenate when compared
with diabetic control rats (Figure 10).
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Figure 10. Effect of T. chebula aqueous extract on oxidative stress parameters. All values are expressed
as Mean & SEM (n = 6). * p < 0.05, ** p < 0.01 when treatment groups were compared with diabetic
control. ### p < 0.001 when the diabetic control group was compared with the normal control group.
(DC: diabetic control; T chebula: Terminalia chebula).

3.8. Effect of T. chebula on Histopathology of Pancreatic Tissue

Microscopic examination of the pancreatic tissues of rats from the normal control
group did not show any lesion of pathological significance (Figure 11). Rats from the
diabetic control group and treatment groups showed various lesions in pancreatic tissue.

Figure 11. Cont.
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Figure 11. Effect of T. chebula on pancreatic tissue histology (H&E Stain, 400x). Histopathology
of pancreatic tissue. (A) Normal control: pancreas showing normal histology {400x}. (B) Diabetes
control: pancreas showing hyperplastic acini of exocrine pancreas {400x}. (C) Diabetic control +
T. chebula (500 mg/kg, orally): pancreas showing hyperplastic acini of exocrine pancreas {400x}.
(D) Diabetic + T. chebula (1000 mg/kg, orally): pancreas showing hyperplastic acini of exocrine
pancreas, adipose tissue deposition {400x}. (E) Diabetic + Glipizide (5 mg/kg, orally): pancreas
showing normal histology, acinus {400x}.

3.9. Effect of T. chebula Aqueous Extract Treatment on SIRT1 Expression

Microscopic examination of the pancreas immunohistochemically stained slides re-
vealed SIRT1 expression, which was revealed by positive brown particles in the islet of
Langerhans and acini of the exocrine pancreas (Figure 12). Untreated diabetic animals
showed a reduction in the optical density of immune-stained pancreatic tissue compared
to normal animals showing a decrease in SIRT1 expression in pancreatic tissue. Treatment
with 500 mg/kg of aqueous extract of T. chebula showed an increase in the optical density of
immune-stained pancreatic tissue for SIRT1 expression in pancreatic tissue, but it was not a
significant increment. At the same time, 1000 mg/kg of the extract showed a significant
increase in SIRT1 expression in pancreatic tissue, indicated by an increase in the optical
density of immune-stained pancreatic tissue for SIRT1 (Figure 13).
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Figure 12. Immunohistochemical staining of pancreas (400x). Arrow showed expression of SIRT1 in
the islet of Langerhans. (A) Normal control, (B) diabetes control, (C) diabetic + T. chebula (500 mg/kg,
orally), (D) diabetic + T. chebula (1000 mg/kg, orally), and (E) diabetic + Glipizide (5 mg/kg, orally).

* EZ& Normal Control

~ E=3 Diabetic Control

E3 DC + T chebula (500mg/kg)
@ DC + T chebula (1000mg/kg)
DC + Glipizide (5mg/kg)

Optical Density

Figure 13. Change in optical density for expression. All values are expressed as Mean + SEM (n = 3).
* p < 0.05 when treatment groups were compared with diabetic control. ### p < 0.001 when the
diabetic control group compared with the normal control group. (DC: diabetic control; T chebula:

Terminalia chebula).
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4. Discussion

A methyl nitrosourea compound, Streptozotocin (STZ), induces diabetes in rats of
type 2 diabetes mellitus [48]. The basic mechanism behind the development of diabetes
due to STZ administration is specific to its alkylating chemical nature [55]. STZ is given
intraperitoneally in SD rats, leading to pancreatic B-cell toxicity [49,56,57].

Researchers have established different animal models to induce type 2 diabetic con-
ditions. In the current research study, Sprague Dawley rats were selected for induction
of diabetes to attain pathological features comparable to type 2 diabetes mellitus in hu-
mans [58].

To induce type 2 diabetes, two important aspects the dysfunction of pancreatic -
cells and sensitivity of insulin reduction are important. Diet modification with a diet rich
in high-fat content [59] is one of the ways to achieve a reduction in insulin sensitivity,
and Streptozotocin accomplishes pancreatic S-cell damage. STZ in different dose levels
produces different types of diabetes; a low dose of STZ is used to induce type 2 diabetes [60].
Diet modification for two weeks with a high-fat diet before administration of Streptozotocin
to induce insulin resistance syndrome in rats is a well-accepted and well-studied diabetic
model for developing type 2 diabetic conditions in experimental animals. [48].

In the current research work, normal rats were fed a pellet diet. In contrast, the rest
all the experimental animals were given a high-fat diet for around 14 days to induce the
condition of resistance to insulin. The high-fat diet should contain 40 to 60% fat composition
to generate insulin resistance; thus, the high-fat diet used in this study contained around
60% fat, 25% protein, and 17% carbohydrates. Low dose, below 40mg/kg is used to induce
type 2 diabetes, so in the present study, the selected dose of Streptozotocin was 35 mg/kg of
body weight [61]. The induction of type 2 diabetes is characterized by hypercholesterolemia,
hyperinsulinemia, and hypertriglyceridemia, conditions that are similar to human insulin
resistance [62].

An alcoholic extract of T. chebula at 600 mg/kg showed a significant antidiabetic
effect [63]. A study was performed by Kannan in type 1 diabetes in animals where alloxan
was used to induce diabetes. The author mentioned that the ethanolic extract was given
for 30 days, and blood glucose, plasma insulin, triglycerides, cholesterol, SGPT, SGOT,
GSH, and CAT were performed and calculated. Results showed significant increase in
antioxidant enzymes. This represents the effectiveness of the active phytoconstituents on
type 1 diabetes [64]. Rao et al. have also reported the same type of antidiabetic effect in the
chloroform extract using Streptozotocin induced diabetes. The author mentioned that the
chloroform extract of T. chebula seeds produced a dose-dependent reduction in the blood
glucose level of diabetic rats. These reports suggest the effectiveness of extracts in the
treatment of diabetes mellitus. The current findings are in line with the previous studies.
The current study provides first scientific evidence for the use of T. chebula aqueous extract
in type 2 diabetes.

A significant increase in glucose level was observed in the experimental diabetic
animals due to the insulin resistance by cells and damage of pancreatic 5-cells. Treatment
with T. chebula aqueous extract prevented pancreatic -cell damage and improved insulin
resistance. Results obtained from the OGTT also support this finding. The results showed
that the plasma glucose level at 0, 30, 60, 90, and 120 min remained significantly higher
in the diabetic control group when compared with the normal control group (p < 0.001)
and other treatment groups (p < 0.05 and 0.01). T. chebula aqueous extract treatment also
decreased plasma insulin levels significantly in diabetic animals.

In addition, extract treatment helped increase insulin sensitivity and ISI and decrease
HOMA-IR at both the selected doses, indicating improvement in insulin utilization and
glucose metabolism. Insulin resistance is also linked with dyslipidemia in type 2 diabetes
mellitus. Alteration in lipoprotein metabolism containing triglyceride and a rise in hep-
atic lipase activity results in elevated levels of LDL, cholesterol, and triglyceride with a
reduction in HDL levels in diabetics [65-67]. The plasma lipid profile was significantly
elevated in the diabetic control group. Treatment with T. chebula aqueous extract improved
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lipid profile significantly. Amplified activities of enzymes in the liver, such as ALT and
AST, are the marker enzymes for injury in hepatic cells. Augmentation in the activity of
these enzymes results in metabolic syndrome, type 2 diabetes, and insulin resistance [68,69].
T. chebula aqueous extract treatment controlled hyperglycemic conditions and prevented
liver tissue from being damaged. As a result, a considerable reduction in the AST and ALT
was observed in the T. chebula treatment group compared to diabetic rats. In type 2 dia-
betes, protein glycation is a natural process, including the formation of Glycohemoglobin,
where glucose is reacted with hemoglobin at the N-terminal end of the B-chain, which is
responsible for the formation of Glycohemoglobin [70]. HbAlc does not give an idea of
daily blood glucose; it indicates an average of blood glucose over the past few days [71].
It is well known that the normal limit for glycohemoglobin is 3 to 6%; however, type 2
diabetes increases up to 6 to 12% due to persistent hyperglycemia [69]. In the present study,
T. chebula treatment controlled blood glucose levels and thus prevented the formation of
Glycohemoglobin when compared with diabetic rats.

Oxidative damage to the pancreatic tissue due to prolonged hyperglycemia will have
side effects on the concentration of antioxidant enzymes in the pancreas. Along with
CAT and SOD, GSH looks after the pancreas from H,O, damage, alkoxy radicals, and
superoxide [72-75]. Tiwari et al. (2013) mentioned that decreased GSH levels might be one
of the factors in oxidative damage in type 2 diabetes [73]. The T. chebula treatment prevented
pancreatic tissue from oxidative damage by increasing the concentration of GSH, CAT,
and SOD and prohibiting the production of reactive aldehyde in tissue via its antioxidant
mechanism. Histopathological examination of the pancreatic tissue revealed the presence
of inflammatory, degenerative, necrotic, and hyperplastic lesions in the endocrine and
exocrine parts of the pancreas in diabetic animals. Atrophy of islets of Langerhans was
also observed in diabetic control animals. Results also showed the presence of adipose
deposition at the acini lobule, degeneration of the endocrine pancreas, and lymphocytic
infiltration. Treatment with T. chebula aqueous extract showed decrease in pancreatic
damage caused due to diabetic condition. Certain evidence suggests that SIRT1 has a
protective role in diabetic condition.

SIRT1, a NAD-dependent class III histone deacetylase that regulates glucose home-
ostasis by regulating hepatic glucose production, lipid metabolism, insulin production,
and sensitivity [76,77]. SIRT1 is a protein family member with a broad and vital role in
regulating cellular health. Some studies have reported that up-regulated expression of
SIRT1 hinders the formation and development of pancreatic tissue fibrosis in type 2 diabetes
in rats. In addition, SIRT1 controls glucose homeostasis by regulating insulin production,
lipid metabolism, insulin sensitivity, and hepatic glucose production [54]. In the current
research study, considerably reduced levels of SIRT1 in pancreatic tissue were observed in
diabetic rats. However, T. chebula aqueous extracts improve the SIRT1 expression indicating
protection against pancreatic tissue damage.

5. Conclusions

The aqueous extract of Terminalia chebula decreased oxidative stress and increased the
expression of SIRT1 in diabetic rats. This study’s results indicate that T. chebula aqueous
extract has a significant antidiabetic effect.
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